Introduction
Suppression of CO 2 discharged from iron-and steel-making companies is an example of the biggest issues for the protection of global environment and sustainable growth of steelmaking industry. Efforts are made to solve this issue and one of the examples is Japanese national project COURSE50. 1) In this project, hydrogen-rich reformed coke oven gas will be introduced into blast furnace. In conventional ironmaking processes, CO 2 gas is generated when iron ore is reduced with CO gas. On the other hand, H 2 O gas is generated instead of CO 2 in hydrogen reduction, and therefore this method can be regarded as an environmentally friendly ironmaking process. As the result, Fe 3 C may be formed in this process. It is reported by Gudenau et al. 2) and Satoh et al. 3) that Fe 3 C may enhance carburization and smelting of reduced iron. Hence, formation of Fe 3 C in blast furnace may also give positive effect on ironmaking process.
The conditions that Fe 3 C was formed were experimentally determined by changing CO-CO 2 -H 2 gas composition to clarify the possibility of Fe 3 C formation by hydrogen introduction into blast furnace in the present work. Also, the effect of Fe 3 C on reduced iron smelting behavior was investigated by "in-situ" observation using a confocal laserscanning microscope combined with an infrared imageheating furnace.
Experimental Procedures
Mixed CO-CO 2 -H 2 gas was reacted with reagent grade Fe 2 O 3 to investigate the condition that Fe 3 C would be formed. Mixed gas of CO-CO 2 , CO-H 2 , CO 2 -H 2 and 50vol%H 2 -CO-CO 2 were utilized in the present work. These gases were chosen to clarify the possibility of Fe 3 C formation under CO-CO 2 -H 2 gas mixture. Reagent grade Fe 2 O 3 was sieved using a filter with 90 μm opening, and 0.3g of the sieved sample was placed on Al 2 O 3 boat. Sample was placed in a horizontal silica tube (O.D. 25 mm, I.D. 21 mm, L. 900 mm) inside an electric resistance furnace. The sample temperature was 800 K and 900 K and the total gas flow rate was 0.2 L/min. Samples were heated to experimental temperature under Ar atmosphere and then switched to experimental gas mixture.
Qualitative and quantitative analysis 4, 5) was conducted by X-ray diffraction (XRD) after each experiment. Whole sample was collected after experiment and a part of the sample was subjected to XRD analysis after mixing in an agate mortar. Quantitative analysis was done by obtaining a calibration curve from measuring the intensity ratio by XRD with use of standard samples. Standard samples for Fe 3 O 4 , FeO, Fe and Fe 3 C were prepared by the following procedures. Fe 3 O 4 and FeO were prepared by heating reagent grade Fe 2 O 3 , sieved using a filter with 90 μm opening, in 50 vol%CO-50 vol%CO 2 gas mixture at 700 K and 1 100 K, respectively. Fe and Fe 3 C were obtained by heating reagent grade Fe2O3, sieved using a filter with 90 μm opening, in 100 vol%H2 and 90 vol%H2-10 vol%CO2 gas mixture gas at 800 K, respectively. Fe3O4, FeO, Fe and Fe3C will be formed from the initial Fe2O3 and the total moles of Fe will not change during experiment. Hence, the quantitative analysis was done by assuming that the total of Fe3O4, FeO, Fe and Fe3C was 100 mass%, and carbon deposited from the reaction gas was treated separately. Angles (2θ) that did not interfere each other were carefully chosen for quantitative analysis by XRD. The angles (2θ) utilized in the present work were 82.333°, 41.927°, 62.515° and 49.115° for Fe, FeO, Fe3O4 and Fe3C, respectively. Intensity ratio between mixture samples and pure standard samples were used to obtain the calibration curve. The following samples were prepared for calibration. a) Fe3C-0, 5, 10, 20, 25, 30, 100 mass%Fe mixture, b) Fe3C-0, 10, 30, 50, 70, 90, 100 mass%FeO mixture, c) Fe3C-0, 10, 30, 50, 70, 90, 100 mass%Fe3O4 mixture. The carbon deposited was obtained from the weight change of the sample during experiment. Carbon was found to be deposited mainly on the sample. However, some amount of carbon was also found on the reaction tube.
A confocal laser-scanning microscope combined with an infrared image-heating furnace 6) was used in the present work to make microscopic "in-situ" observation of Fe3C decomposition and iron smelting by graphite or Fe3C addition. Various sizes of iron and graphite powder were used for iron smelting observation. Iron powder under 8 μm (purity 99.5%, Rare Metallic Co.) and 97 μm (purity 98%, Kanto Chemical Co.) and graphite powder under 45 μm (purity 98%, Kanto Chemical Co.) were prepared. Also, high purity graphite rod (purity 99.99%, Nilaco Co.) was crushed and was sieved using a filter with 106 μm opening.
Fe3C produced in the laboratory was sieved using a filter with 75 μm opening. Graphite and Fe3C powder passed through each filter were used in the present work.
Weighed 0.2 g of Fe3C was pressed into tablet shape (φ5 mm × 3 mm) and was placed in BN crucible (O.D. 10 mm, I.D. 8.8 mm, H. 3.3 mm) for observation of Fe3C decomposition. For the iron smelting experiments, 0.2 g of iron-graphite or iron-Fe3C mixtures were pressed into tablet shape (φ5 mm × 3 mm) and set in BN crucible of same size. Carbon content in each tablet was controlled to be 3 mass%C. The sample was placed in the infrared imageheating furnace and was heated at 8.33 K/s (500 K/min) in an argon atmosphere. Phenomena during heating process were observed on CRT monitor of the laser microscope and were recorded by VTR equipment. Figure 1 shows the experimental results for Fe2O3 reduction by CO-CO2 and CO-CO2-H2 gas mixture at 800 K and 900 K for 1 h. At 800 K, abundance ratio of Fe3C increases with increase of PCO as shown in Figs. 1(a) and 1(b) . The reason that both Fe3O4 and Fe3C were observed was suggested that the transformation of Fe3O4 into Fe3C was not completed within 1h in CO-CO2-H2 atmosphere. At 900 K, Fe was formed with Fe3C as shown in Figs. 1(c) and 1(d) . Figure 2 shows the experimental results for Fe2O3 reduction by H2-CO and H2-CO2 gas mixture at 800 K and 900 K for 1 h. Favorable condition for carbon deposition was PH2/ Pco=1 at 800 K and 900 K and that for Fe3C formation was PH2/Pco=3 at 900 K in H2-CO gas mixture from Figs. 2(a) and 2(c). It is thermodynamically expected that favorable condition for Fe3C formation is the same for carbon deposition. However, it seems that these two conditions don't match completely, and PH2 of optimum Fe3C formation condition was higher than that of optimum carbon deposition condition. There was a condition from Fig. 2(b) that Fe3C was formed without carbon deposition at 800 K with H2-CO2 gas mixture. However, Fe3C didn't form at 900 K as shown in Fig. 2(d) . The conditions that Fe3C was formed were experimentally determined in the present work. It was found that H2 addition to CO-CO2 gas promoted Fe3C formation. The CO/CO2 ratio in the blast furnace is approximately unity at shaft position where temperature is 800 to 900 K. 7) Hence, it was found that Fe3C might be formed by hydrogen introduction into blast furnace.
Results and Discussion
The observation results of Fe3C melting by using a confocal laser-scanning microscope combined with an infrared image-heating furnace are shown in Fig. 2 . Liquid phase area increased rapidly just after the sample temperature reached around 1 550 K. The observation area was liquid with some solid particles floating on the surface. The sample was quenched from 1 623 K. Surface of the quenched sample was covered by precipitated graphite, and then it was ground. The ground metallic glossy iron sample was subjected to carbon analysis by infrared absorptiometry. The carbon content of the ground sample was 4.5±0.2 mass%. Another sample of artificial solid Fe3C was subjected directly to analysis by infrared absorptiometry. The carbon con- tent was 6.6 mass% and it was identical with that in Fe3C. Therefore, it was confirmed that carbon precipitated after melt-down and decomposition of Fe3C was concentrated on the surface of molten Fe-C alloy.
The heating experiments of Fe and graphite powder mixture tablet were conducted using various combination of powder size. Formation of primary liquid phase was observed on the tablet surface at around 1 493 K regardless of the powder size. The laser micrograph on melt-down behavior of Fe(-97 μm)-graphite(-45 μm) mixed tablet during heating process is shown in Fig. 3 . The area of liquid phase gradually increased with temperature increase of the sample as seen in Fig. 3 . Finally, the observation area was occupied by liquid phase. The temperature when the observation area was completely covered by liquid was defined as temperature of complete melt-down. The temperature difference of primary liquid formation and tablet melt-down was approximately 300 K.
The heating experiments of Fe and Fe3C powder mixture tablet were conducted by using iron powder with size under 8 μm or 97 μm. Primary liquid phase was observed at around 1 524 K on both iron powder size conditions. The temperature difference of primary liquid formation and tablet melt-down was approximately 70 K. This temperature difference is considerably smaller than the case of Fe and graphite powder mixture tablet. Hence, it can be considered that solid Fe was immediately surrounded by liquid phase as shown in Fig. 4 .
It was found that the complete melt-down temperature of Fe-graphite mixture tablet increased with increase of Fe and/ or graphite powder size. Temperature of complete melt-down for Fe(-8 μm)-graphite(-45 μm) and Fe(-97 μm)-graphite(-106 μm) were 1 603 K and 1 763 K, respectively. Also, the carbon content in the sample after the melt-down decreased with increase of Fe and/or graphite powder size. Carbon content after experiment for Fe(-8 μm)-graphite(-45 μm) and Fe(-97 μm)-graphite(-106 μm) were 2.86 mass%C and 1.17 mass%C, respectively. On the other hand, the effect of Fe powder size on complete melt-down temperature of FeFe3C mixture tablet was not significant. Also, the carbon content in the sample after the melt-down didn't clearly change with Fe particle size. Complete melt-down temperatures were in between 1 584 and 1 629 K and carbon contents were 2.53±0.19 mass%. When it is considered that graphite is the source of carburizing reduced iron, the contact area of solid graphite with solid iron is limited. On the other hand, when Fe3C is the carbon source for carburizing reduced iron, Fe3C will decompose into liquid Fe-C and graphite after it is melted-down as shown in Fig. 2 . The contact area of liquid Fe-C with solid iron will be much larger than that of solid graphite with solid iron. Hence, presence of Fe3C will enhance carburization of reduced iron and this effect will be significant for the case that the size of reduced iron particle is large. It was confirmed from the present result that the presence of Fe3C has positive effect on enhancing carburization and smelting of reduced iron.
Conclusion
The conditions that Fe3C was formed were determined by changing CO-CO2-H2 gas composition in the present work. Addition of H2 gas into CO-CO2 gas promoted the formation of Fe3C. Hence, it was found that Fe3C might be formed by hydrogen gas introduction into blast furnace. Also, the effect of Fe3C on reduced iron melting behavior was observed, and it was confirmed that the presence of Fe3C would have positive effect on enhancing carburization and smelting of reduced iron.
